Clinically the three blood copper levels-free plasma copper, total plasma copper, and red cell copper-are of particular value in diagnosing or excluding Wilson's disease, and in assessing copper contamination or poisoning and copper deficiency.
In Wilson's disease the total plasma copper is usually low with a low level of caeruloplasmin but increased free copper, whereas other types of liver cirrhosis usually have high plasma copper and caeruloplasmin levels. The haemolytic episodes of Wilson's disease have recently been shown to be associated with high red cell copper and increased plasma free copper (McIntyre, Clink, Levi, Cumings, and Sherlock, 1967) . The severity of copper poisoning correlates better with the whole blood or red cell copper level than the plasma copper level (Chuttani, Gupta, Gulati, and Gupta, 1965) . Copper deficiency in ill-nourished infants has been suggested by the response of anaemia and osteoporosis to copper supplements, but the deficiency has not been confirmed by blood copper studies (Cordano, Baertl, and Graham, 1964; Cordano and Graham, 1966) .
To allow of the measurement of blood copper levels by micro methods or with a single-beam instrument, the copper has been chelated by ammonium pyrrolidine dithiocarbamate (APD) and extracted into an organic solvent (Allan, 1961a) . A fourfold increase in the sensitivity of the copper measurement is thus achieved (Allan, 1961b) . For the measurement of the total plasma copper or red cell copper, the copper was split from the copper-protein complexes, caeruloplasmin and erythrocuprein, by hydrochloric acid before chelation (Gubler, Lahey, Ashenbrucker, Cartwright, and Wintrobe, 1952) . For the free plasma copper determination no acid was used, and only the non-caeruloplasmin copper, which reacted directly with APD, was extracted and measured (Gubler, Lahey, Cartwright, and Wintrobe, 1953) . A comparison has also been made of the plasma macro and micro total copper methods with the simple 1 in 4 dilution of plasma and aqueous copper sulphate standards with water.
METHODS
The preliminary work for these methods was carried out with single-beam atomic absorption spectrophotometers. The results presented here were repeated, and the micro methods were developed, using a Perkin-Elmer 303 double-beam atomic absorption spectrophotometer made by the Perkin-Elmer Corporation, Norwalk, Connecticut, USA. A three-slot Boling burner head (Boling, 1966) was used, and with it negligible copper blanks were obtained. However, it was found to be necessary to replace the rubber 0-rings and gasket in the atomizerburner assembly by teflon substitutes because the reagents attacked the rubber and liberated copper from it. A nylon drain tube, which was resistant to butyl acetate, was substituted for the tygon tubing. The hollow cathode copper lamp was made by Atomic Spectral Lamps Pty. Ltd, Melbourne, Victoria, Australia.
An air-acetylene flame was used with the acetylene pressure reduced so that a hazy blue flame resulted when the butyl acetate was sprayed into it. The wavelength was set at 3,247 A. Scale expansion x 1 was used for the macro plasma method, and x 10 for all other methods.
All laboratory ware and pipettes were washed with detergent and rinsed with deionized water, then soaked overnight in 1 in 4 nitric acid and again rinsed thoroughly with deionized water. Only borosilicate glass or polypropylene were used. Disposable polypropylene syringes, needles, and the heparin were tested to ensure that they were free of copper. MICRO METHOD FOR PLASMA COPPER Plasma, copper standard, or deionized water, 0-1 ml, is pipetted into a centrifuge tube, 0-1 ml. 4N HCI is added, and the mixture left at room temperature for 10 minutes. Then 0-1 ml 0-1 % APD is added, followed by 2-0 ml n-butyl acetate.
REAGENTS
The tube is stoppered, shaken for 10 minutes, and centrifuged for five minutes. The n-butyl acetate layer is removed and aspirated into the atomic absorption flame, and read using scale expansion x 10.
1 IN 4 WATER DILUTION METHOD FOR PLASMA COPPER Plasma, 0 5 ml, is added to 1-5 ml deionized water. This is aspirated into the flame and read against appropriate aqueous copper standards with scale expansion x 10. FREE PLASMA COPPER METHOD Into a centrifuge tube are pipetted 0-5 ml plasma, copper standards, or deionized water, followed by 0 5 ml 0-1 % APD and 2 ml n-butyl acetate. The tubes are stoppered, shaken for 10 minutes, and centrifuged for five minutes. The n-butyl acetate layer is aspirated into the atomic absorption flame, and read using scale expansion x 10.
MICRO METHOD FOR ERYTHROCYTE COPPER Packed red cells, copper standards, or deionized water, 0-1 ml, is pipetted into 0 4 ml deionized water in a centrifuge tube. 4N HCI, 0-05, is added and allowed to react for 10 minutes at room temperature. Then 0-1 ml 0 25 % APD is added and 2-0 ml n-butyl acetate. The tubes are stoppered, shaken on a flask shaker for 10 minutes, and centrifuged for five minutes. The n-butyl acetate layer is removed, aspirated into the atomic absorption flame, and read with scale expansion x 10. of the butyl acetate after the APD. With 2 5 % APD copper was slowly split from caeruloplasmin so that after 24 hours about half the total plasma copper was chelated by the APD (Table I) . 
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CONCENTRATION OF APD The amount of chelated copper extracted from HCI-treated red cells was dependent on the concentration of APD, the optimum concentration being 0-25 % (Fig. 2 A) . With APD concentrations of 0 05 % and lower, and of 1I0% and higher, the amount of copper extracted was significantly decreased.
THE EFFECT OF A HIGH IRON :COPPER RATIO Allan (1961a) found that copper was chelated and extracted from a mixture in which the ratio of iron :copper was 10,000:1, provided the acidity was not too high and the concentration of APD was not too great.
Iron was added to a copper standard of 100 ,ug/100 ml in the ratio of 1,000:1. The acid conditions of the erythrocyte copper method were used, and concentrations of APD of from 0-01 to 2-5% were tested (Fig. 2 B) . With concentrations of APD between 0 1 and 1-0% all of the copper was extracted, and the copper readings were enhanced by about 20 %. With 0-01 % APD, no copper was recovered, and with 005 and 2-5% APD, the copper was not completely extracted.
FREE ERYTHROCYTE COPPER An attempt was made to measure free copper in erythrocytes, that is, copper chelated without prior HCI treatment. Water, 0 5 ml, was added to 0 5 ml packed red cells to lyse them. Then 0 5 ml APD was added and the chelated copper was extracted with 2 ml butyl acetate.
The amount of erythrocyte copper that reacted directly with APD was dependent on the concentration of APD (Fig. 2 C) , and the time allowed for the reaction (Table I) , and it appeared that much, or all, of the total erythrocyte copper could, in time, be directly chelated. In contrast to plasma, immediate group.bmj.com on December 19, 2017 -Published by http://jcp.bmj.com/ Downloaded from chelation of nearly half the red cell copper by 2 5 % APD was found to occur (Table I) . STANDARD CURVES With the copper standards the relationship of concentration to absorption was linear in all methods except the macro plasma method in which a curve resulted (Fig. 3) . Conversion of absorption to absorbance resulted in a linear relationship in the macro method. 10-5
RECOVERY
The reproducibility of the five methods of determining copper in blood was assessed by performing duplicate determinations on 10 different days with aliquots from a single blood sample.
The means and standard deviations for reproducibility of the different methods are shown in Table II .
The better reproducibility with the macro method was due partly to the readings being made without 600 IC A The recovery of copper added to plasma or erythrocytes has been determined for the five methods (Table III) . Added copper was not completely recovered in the macro plasma method. In the micro plasma method recovery of added copper tended to be slightly high, and in the 1 in 4 water dilution method and the free plasma copper method recoveries were slightly low. In the erythrocyte method the absorption of added copper was to some extent enhanced. essentially the same for males and females, the females had mean values by all three methods which were higher by about 10% than the male means. With the free plasma copper, there was a tendency for the levels to increase as the total plasma level rose. The three females with the abnormally high plasma copper levels of 201, 207, and 229 .ttg/100 ml by the macro method had free copper values of 13, 12, and 14 ,ug/100 ml respectively.
The erythrocyte copper levels fell within a much narrower range than the plasma copper levels (Table   MALES for 25 male and 25 female blood donors by the macro method, the micro method, and the I in 4 water dilution method.
IV and Fig. 6 ). No significant sex difference could be determined by this micro method, and the total and free plasma copper levels did not appear to influence the red cell copper levels.
COMPARISON OF TOTAL PLASMA COPPER DETERMINED BY ATOMIC ABSORPTION AND COLORIMETRIC METHODS
A comparison has been made of the levels of total plasma copper determined by the macro, micro, and 1 in 4 water dilution methods, and by the colorimetric methods of Gubler et al (1952) and of Beale and Croft (1964) . In both the colorimetric methods, the caeruloplasmin copper is liberated by HCl and the proteins are precipitated by trichloracetic acid. In the method of Gubler et al, the copper is determined by the increase of yellow colour on the addition of sodium diethyldithiocarbamate, and in the method of Beale and Croft by the measurement of the more specific and sensitive blue-red colour of the oxalyldihydrazide copper complex. There was excellent agreement between the macro method and the colorimetric method of Beale and Croft with low, normal, and high plasma copper levels (Table V) . In our hands, the method of Gubler et al produced lower copper values, particularly with the lower copper concentrations. At the low concentrations, the increase of optical density is very small on the addition of sodium diethyldithiocarbamate, and the blank reading is relatively high, so that the order of accuracy is diminished. With our micro method the results were slightly higher than with the colorimetric method of Beale and Croft, and the 1 in 4 water dilution method gave results which were higher again. The colorimetric methods for measuring plasma and red cell copper, in which copper was measured as an increase in yellow colour on the addition of sodium diethyldithiocarbamate (Gubler et al, 1952; Gubler et al, 1953) , were liable to error due to the low colour yield and the presence of interfering colours. In highly icteric sera the free copper could not be satisfactorily measured by the small increase of yellow colour (Gubler, Brown, Markowitz, Cartwright, and Wintrobe, 1957) . In jaundiced patients, the atomic absorption free copper method should be of particular value in distinguishing Wilson's disease from other types of liver cirrhosis.
The blue-red colour of the copper oxalyldihydrazide complex has greater intensity and specificity, and the method of Beale and Croft (1964) gave excellent agreement with our plasma macro and micro methods. The spectrophotometric method for erythrocyte copper using oxalyldihydrazide of Markowitz, Shields, Klassen, Cartwright, and Wintrobe (1961) is long and involved, requiring two days for completion, three changes of reaction vessel, and some 20 pipettings, so that the greater speed and simplicity of our method is readily apparent.
In comparison with other atomic absorption methods for measuring plasma copper using chelation and extraction (Herrmann and Lang, 1963; Berman, 1965) , we have avoided the use of trichloracetic acid. Instead, we use a stronger concentration of hydrochloric acid which effectively precipitates the plasma proteins and prevents emulsification. We consider that trichloracetic acid is undesirable because of the decrease in sensitivity it produces by lowering the absorption readings of both standards and tests; because of the extra time involved in protein precipitation and removal; and because of the necessity for quantitative transfer of the supernatant to a second tube. However, if the plasma proteins are not removed, the copper complex is more difficult to extract into the butyl acetate, and it is recommended that the optimum shaking conditions be determined in each laboratory.
The concentration of the chelating agent, ammonium pyrrolidine dithiocarbamate (APD), was not critical in the plasma copper methods, although in the free copper method high concentrations of APD did, in time, split some of the copper from the caeruloplasmin.
With the erythrocyte copper, the concentration of APD had to be kept within a narrow range. This was probably due to the high levels of iron, and possibly of zinc, which compete for the chelating agent if the concentration is too low, and to the interference by iron which has been shown by Allan (1961a) to occur when higher concentrations of APD are used. Although we have shown that iron causes enhanced absorption when present in the ratio of 1,000:1, we have not added iron to the standards since little of the iron in the red cells appeared to the naked eye to be extracted, as the brown iron chelate, into the butyl acetate.
The extraction of the copper into an organic solvent greatly increases the sensitivity of the method (Allan, 1961b) , and also separates the copper from some of the plasma constituents which might depress or enhance its absorption, such as protein, sodium, potassium, and calcium (Allan, 1961a) .
With the 1 in 4 water dilution method, differences in viscosity between tests and standards (and therefore of flow rates) may influence the results (Sprague and Slavin, 1965; Parker et al, 1967; Sunderman and Roszel, 1967) . However, the greater viscosity of the plasma samples compared with the aqueous standards would diminish the plasma copper estimates, whereas the results by this method are higher than by the other methods we employed. This suggests enhancement of the plasma copper readings by some plasma factor, or depression of the aqueous copper standards, possibly by the sulphate.
Our normal ranges and mean values (Table IV) (1964) , and Sunderman and Roszel (1967) with the directreacting plasma copper levels of Cartwright and Wintrobe (1964) and with the erythrocyte copper levels of Markowitz et al (1961) .
With the aid of atomic absorption spectrophotometry, blood copper estimations can be regarded as relatively simple laboratory procedures.
